Introduction
Novel MLI topology has significant advancement in the field of power electronics, because of numerous advantages over conventional inverters. The conventional two level inverters are facing difficulty in meeting present scenario. The most popular conventional MLI structures are: Diode Clamped MLI (DCMLI), Flying Capacitor MLI (FCMLI) and Cascaded H Bridge MLI (CHMLI) [1] [2] [3] . In DCMLI, (n-1) capacitors are used as potential dividers, the voltage unbalancing across these capacitors is a serious concern. Additionally, it requires (n-1)(n-2) clamping diodes. For FCMLI, (n-1)(n-2)/2 bulky capacitors are required. In CHMLI, separate sources are required for each H Bridge and each bridge produces three levels. These H Bridges are connected in series for generating the required number of levels in output voltage where n is number of levels in output waveform.
A numerous MLI topologies are proposed to address the drawbacks of conventional MLI's. In recent years the focus is made on:
Increasing the number of levels in output with asymmetrical voltage sources as reported in [4] [5] [6] . These inverters require more than one source with different voltage magnitudes. To obtain different voltages, different turn's ratio transformers are used. The asymmetrical MLI requires DC sources with different magnitudes and switches of different rating.
A few topologies are proposed by reducing the number of switches [4, [7] [8] [9] and sources [10] [11] [12] . To reduce the number of input sources, series connected capacitors are used as a potential dividers. To achieve balanced voltage across all DC-link capacitors, a separate feedback circuit is used [13, 14] . Inverter circuit will become complex due to this approach.
With the conventional or transformer based MLI's [15] [16] [17] [18] , in case of any shoot through or miss gating, entire circuit will get damaged. The cost and losses increases due to transformer present in the circuit.
In aforementioned topologies, the maximum available voltage is limited by the input or DC link voltage. In applications like: Photovoltaic system, Electrical vehicles, Dynamic voltage restorer, etc. requires both boost and buck operations [19] . To meet this normally DC-DC converter or Z Source Inverter (ZSI) is used. If a DC-DC converter or Z Source network is integrated with MLI, then separate DC-DC converter or Z network is required across each source [20] . This leads to increased size and cost. This paper proposes a modified MLI topology, which addresses the drawbacks of conventional inverters and recently reported inverters. The proposed system consists of single DC source with the single impedance network to enable boost operation. A bank of series connected capacitor is used as potential dividers without any feedback circuit. To overcome the limitations with asymmetrical voltage, simple self-voltage balancing technique [21] is used for maintaining equal voltage across DC-link capacitors.
The rest of the paper is organized as follows. In Section 2, working of proposed topology along with the modes of operation is explained. Section 3 deals with extended proposed structure. The analysis of the entire inverter circuit is discussed in Section 4. Detailed comparison is presented in Section 5. Simulation and experimental results are shown in Section 6 followed by conclusion in Section 7.
Proposed topology
The proposed topology shown in Fig. 1 consists of two parts. Part 1 is Self-voltage Balancing Circuit (SBC), composed of capacitors C 1 -C 5 , out of which C 1 & C 2 are the DC bus capacitors and C 3 -C 5 are flying capacitors and clamping switches S C1 to S C6 . Part 2 is 7-level inverter topology with level generating switches S 5 -S 7 and H Bridge switches S 1 -S 4 .
The working of part 1 is shown in Fig. 2 . The switches used in SBC are divided into two groups. Group 1 consists of S C1 , S C3 and S C5 and Group 2 consists of S C2 , S C4 and S C6 . SBC operates in two modes. In mode I, Group 1 switches are gated and in mode II, Group 2 switches are gated. The gate pulses should develop such that, when Group 1 switches are turned on Group 2 switches are turned off and vice versa. In this process, all the capacitors are charged to half of the input voltage.
The mode -I operation is shown in Fig. 2(a) . In this mode, C 1 is parallel with C 3 and C 2 is parallel with C 4 . Thus V C1 = V C3 and V C2 = V C4 . In mode II, C 1 is parallel with C 4 and C 2 is parallel with C 5 shown in Fig. 2(b) . Thus V C1 = V C4 and V C2 = V C5 .
Due to periodic on and off of Group 1 and Group 2 switches in mode I and mode II respectively, results in equal voltage across all capacitors used in part 1 i.e., all capacitors are charged to half of the input voltage. Fig. 3 shows the level generating circuit. The proposed topology requires (1/2)(n-1) level generating switches. For generating each level, one level generating switch is turned on as shown in Fig. 3(a) , (b) and (c).
All level generating switches along with the SBC part will synthesize balanced positive stepped waveform across H Bridge shown in Fig. 3(d) . For generating both positive and negative levels in the output, H Bridge is used. The peak voltage across the inverter is given in (1) and (2) .
where, V DC ¼ 1 2 Â V in Thus the peak voltage across the inverter is boosted to 1.5 times the input voltage (2).
3. Proposed extended structure with additional boost Fig. 4 shows the circuit configuration of the proposed MLI, named as Impedance Source based Switched Capacitor MLI (ISSCMLI) for single phase circuit. The extended structure is composed of three parts, part 1 composed of a single voltage source and impedance network, part 2 is voltage balancing circuit and part 3 is level generator with H Bridge. SBC alone is capable of giving a constant boost of 1.5 times the input voltage and additional boost is achieved with impedance network. Inverter with impedance source network will operate in three states [22] . State 1 is null state, in this state the capacitor charges from the source voltage. State 2 is shoot through state, in this state the impedance network is short circuited. Capacitors C Z1 and C Z2 discharges the stored energy into inductors L Z1 and L Z2 respectively. State 3 is an active state, in this state proposed circuit operates as normal inverter, but the voltage across inverter is boosted. The output voltage of impedance network is given by (3)
The boost factor for a conventional impedance source inverter (B) is given by (4)
Boost factor for proposed topology with impedance network and SBC (B 0 ) is given by (5)
where: D sh is shoot through duty ratio, V L is the voltage across inductor and V in is input voltage. In proposed circuit, the shoot through is generated by turning on the switch S sh for a very short time duration over one switching cycle. A simple boost technique [23, 24] is used for generating shoot through pulses with switching frequency of 1000 Hz.
Analysis of proposed inverter
In this section, inverter analysis is reported with respect to pulse generation, voltage stress across the switches, DC link voltage, switching losses and design of circuit parameters.
Modulation technique
For generating seven level output, three Phase Disposition carriers are used along with sine reference wave having frequency of 50 Hz. All three carrier signals are in phase having same frequency and amplitude with level shift. To generate shoot through pulses for impedance network, a constant signal is compared with carrier signal. When the magnitude of carrier exceeds the constant value shoot through pulses are obtained. A group of pulses are generated by comparing carrier with reference and the generated pulses are combined by using logical gates before applying to respective switches. Fig. 5(a) shows the PWM generation and Fig. 5(b) shows the gate pulses. For all the clamping switches the blocking voltage is 50% of V ZSI (output voltage of impedance network). The switches S 5 , S 7 and S 1 to S 4 have to block the 100% and S 6 has to block 50% of V SBC (output voltage of SBC). The device ratings are chosen based on blocking voltage. Finally, the blocking voltage will depends on maximum boost required.
Voltage stress across each switch

DC link voltage
The voltage across the inverter is positive stepped waveform. Along with '0 0 voltage, 4 steps are produced in each quarter cycle. The magnitude of each step is given by
S j = 0, when corresponding switch is on; = 1, when corresponding switch is off The generalized expression for voltage across H Bridge is given by
J = 5, 6 and 7.
Total switching losses
The losses occur in semiconductor during three instants: when switch is in blocking mode, switch is conducting and switch is changing from on to off or from off to on. The off state losses are insignificant, hence they are neglected [26] . Losses during conduction and switching are considered.
Conduction losses
In proposed topology the number of devices in the current path are always 3, i.e., two from H Bridge and one from level generator (excluding capacitor balance circuit). The instantaneous conduction losses in diode and switch is given by
where V on,D , V on,T and R D , R T are the on-state voltage drop and onstate resistance of diode and switch respectively and a is constant related to switch characteristics. Assuming the output current of the inverter is sinusoidal. I t ð Þ ¼ I m sin xt ð Þ In H Bridge structure, a diode will conducts for ø rad in one half cycle and for a period of (p-ø) switch conducts. The conduction losses are derived as follows
Switching losses
To evaluate switching losses, initially the switching losses in one switch is calculated, the same analysis is extended for all switches. To calculate switching losses in one device, the linear approximation of voltage and current during switching instant is 
considered. Power losses when switch is in turn-on period is calculated as follows
where, T on , V Tr and I are the turn-on time of the switch, voltage across the switch and current flowing through when it is turnedon respectively. Power losses when switch is in turn-off period is calculated as follows
where T off and I are the period during which the device is turned-off and current during turned-off. The average switching losses in the device are given by
where, f is the switching frequency. The switching and conduction losses in the individual power switch is evaluated using above relations.
Design of circuit elements 4.5.1. Design of impedance circuit parameters
The relation between input and output voltage of IS network in terms of shoot through duty ratio (D sh ) is given by
The maximum (D sh,max ) and minimum (D sh,min ) values of shoot through duty ratio is evaluated based on minimum and maximum output voltage required from Impedance network using Eq. (1):
The maximum and minimum values of shoot through duty ratio are 0.33 and 0.0 respectively. Based on maximum value of shoot through duty ratio, the L and C values of impedance network are designed.
4.5.1.1. Design of inductor used in impedance network. The inductor (L z1 and L z2 ) used in impedance network is evaluated as, 
F sh is switching frequency of switch S sh , which is having a frequency of 1000 Hz and DI is ripple current in the inductor. DI is obtained as follows,
where, I out,max is maximum output current of inverter and it is fixed to 15 A.
¼ 36:11 mH Fig. 13 . Voltage across the load. 4.5.1.2. Design of capacitor used in impedance network. The capacitor (C Z1 and C Z2 ) value used in impedance network is evaluated as:
where DV out is ripple voltage of capacitor, 
where DV out is ripple voltage of capacitor, D sbc is duty cycle of switches used in SBC and F sbc is switching frequency used for SBC switches. DV out ¼ 0:02 Â 300 ¼ 6V
Comparison with other topologies
For highlighting the originality and benefits with the proposed topology, the comparison is made with conventional and with recent topologies. In MLI's, the consistency and control difficulty is directly proportional to number of switching devices used. Fig. 7 shows the number of switching devices required for conventional, recently reported and proposed inverters. The proposed structure requires a comparatively very less number of switches and a single impedance network. Fig. 8 represents the number of DC bus capacitors required and the voltage unbalance issues increases with increase in number of capacitors. Fig. 9 shows the number of flying capacitors required, in proposed 7-level MLI the number of flying capacitors required are three. Fig. 10 illustrates the number of clamping switches required for maintaining equal voltage across flying capacitors. With proposed topology at any instant only (n-1) switches (3 from SBC, 1 from level generation and 2 from H Bridge) conducts. The detailed comparison is listed in Table 1 .
Simulation and experimental results
To validate theoretical analysis and MATLAB results, the experimental setup is developed for the circuit shown in Fig. 4 . The parameters used for the simulation are as follows: Input voltage 100 V; Inductance of L Z1 and L Z2 is 36.11 mH; Capacitance of C Z1 and C Z2 2.475 mF; switches S 1 to S 7 are operated at 50 Hz, S C1 to S C6 are operated at 1000 Hz and RL load with resistance of 100 X and inductance of 2 mH. (68 V) as shown in Fig. 16 . A seven level output waveform with an equal step size of 68 V is achieved as shown in Fig. 17 . According to Eqns. (5) and (6), the peak output voltage will be 1.5 times the V ZSI (1.5 Â 139 V). The harmonic spectrum of output voltage is shown in Fig. 18 . Experimental setup of ISSCMLI was developed in the laboratory is shown in Fig. 19 The shoot through pulses with magnitude of 5 V (5 V/div) for switch S sh with shoot through duty ratio of 0.14 is shown in Fig. 20 . The Fig. 21 shows the gate pulses for the switches present in the balancing circuit. The pulse waveform shown in channel 1 is used to drive the odd numbered switches and pulse shown in channel 2 is used to drive the even numbered switches. The switching pulses for switches used in level generation unit are shown in shown in Fig. 22 . The pulses shown in channel 1 is used to drive the switch S 5 and pulses shown in channels 2 and 3 are used to drive the switches S 6 and S 7 respectively. Fig. 23 shows gate pulses for switches used in polarity generation unit. The pulse shown in channel 1 is used to drive the switches S 1 and S 2 . The switches S 3 and S 4 are gated with the pulses shown in channel 2. Fig. 24 shows the output voltage of Impedance network. Fig. 25 shows the voltage distributed across Switched capacitors C 3 to C 5 . The output voltage of level generating circuit is shown in Fig. 26 . The peak voltage across the load is 1.5 times the V ZSI shown in Fig. 27 and harmonic spectrum is represented in Fig. 28 . Figs. 29-33 shows the experimental results of ISSCMLI with shoot through duty ratio (D sh ) of 0.14. Fig. 29 shows the output voltage of Impedance network, it is boosted to 1.39 times the input voltage. Fig. 30 shows the voltage distributed across capacitors C 3 to C 5 . The output voltage of level generating circuit is shown in Fig. 31 . Fig. As shown in Fig. 32 , the peak voltage across the load is boosted to 1.5 times the output voltage of impedance network. Fig. 33 represents the harmonic spectrum.
The percentage of fundamental and harmonic content is obtained from FFT analysis tool. By using Eq. (24), the THD is calculated. Theoretical THD = 13.4%.
where: V n_rms is the RMS voltage of the n th harmonic, V Fund_rms is the RMS voltage of the fundamental component. The efficiency of proposed inverter from Eqn. (25) is 93%, which is higher than the inverter presented in [27] .
Efficiency ¼ V outr ms Â I outr ms Â PF V in Â I inavg ð25Þ Fig. 34 shows the peak output voltage obtained with theoretical calculation, simulation and experimental results and it is observed that peak value obtained for different shoot through ratios are equal. The suggested range of Shoot through duty ratio (D sh ) is 0-0.33. The switching losses in the individual switch is given in Table 2 . 
Conclusions
This paper proposes Impedance Source Switched Capacitor Multilevel Inverter with enhanced boost capability with less number of switching devices compared to conventional and recently reported multilevel inverters. Seven level output is achieved by using one input source and one impedance network. The balanced voltage across all the capacitors is obtained by using self-voltage balance circuit. All the capacitors are charged to half of the input voltage. At any instant (n-1) switches are conducting, which is far less than conventional MLI. All the switches are operated at the lower frequency result in lower switching losses. The experimental setup is developed based on simulation parameters and it is observed that both results are closely identical. 
